Background/Aims: This study investigated the effect of consecutive superovulation on the ovaries and established a premature ovarian failure (POF) model in mice. Methods: The mouse POF model was induced by 5-15 consecutive superovulation treatments with pregnant mare serum gonadotropin (PMSG), human chorionic gonadotropin (HCG) and prostaglandin F2α (PGF2α). Normal adult mice were compared with mice displaying natural ovarian aging. The following serum biochemical parameters were measured: including follicle-stimulating hormone (FSH), luteinizing hormone (LH), progesterone (P), estradiol (E2), inhibin B (INH B), malondialdehyde (MDA), total superoxide dismutase (SOD) and glutathione peroxidase (GSHPx) levels. Follicles were counted using H&E staining. Levels of 8-hydroxyguanosine (8-OhdG), 4-hydroxynonenal (4-HNE), nitrotyrosine (NTY), anti-Mullerian hormone (AMH) and CDKN2A/ p16 (p16) were detected using immunohistochemical staining. Reactive oxygen species (ROS) levels were measured using dihydroethidium (DHE) staining. Cell apoptosis was detected using an in situ TUNEL fluorescence staining assay. Levels of proteins involved in ROS-related pathways and the p16 protein were detected using Western blotting. Sod1, Sod2 and Sod3 mRNA levels were detected using quantitative polymerase chain reaction (Q-PCR). Oocyte quality was evaluated using in vitro fertilization (IVF) and zygote culture. Results: Consecutive superovulation groups presented lower P, E2, SOD, GSH-Px and INH B levels, significantly higher FSH, LH, MDA and ROS levels, and significantly fewer primordial follicles compared with the control group. Consecutive superovulation groups presented significantly increased levels of Sod2, 8-OhdG, 4-HNE, NTY, significantly increased levels of the SIRT1 and FOXO1 proteins, significantly increased levels of the senescence-associated protein p16, as well as decreased AMH, Sod1 and Sod3 levels and increased granulosa cell apoptosis compared with the control group. Conclusion: Consecutive superovulation significantly decreased ovarian function and oocyte quality and increased oxidative stress and apoptosis in the ovary via a mechanism involving the p16 and SIRT1/FOXO1 signaling pathways. These findings suggest that consecutive superovulation may be used to establish a mouse model of ovarian aging.
Introduction
Premature ovarian failure (POF), also referred to as premature ovarian insufficiency (POI), is a condition that affects 1% of women in the general population and causes amenorrhea and hypergonadotropic hypoestrogenism before the age of 40 years [1] . Previously, POF was believed to be irreversible; however, it was later shown that in POF, residual ovarian function may remain despite the presence of elevated gonadotrophins [1] . An incomplete understanding of the pathogenesis of POF is a major hurdle for the development of effective therapeutic options for this disease [2] . Therefore, elucidation of the mechanism for POF development is critical for the clinical treatment of this disease. However, there are restrictions in performing thorough studies in humans.
The estrous cycle of female mice is similar to that of humans, although the estrous cycle of mice is shorter than that of humans [3] . Currently, mouse models of female reproductive aging are divided into two categories: genetic mutation animal models, such as the follitropin receptor knockout animal model [4, 5] and the dioxin/aryl hydrocarbon receptor knockout animal model [6, 7] ; and poison damage models, such as the 4-vinylcyclohexene diepoxide-induced female reproductive aging model [8, 9] and the D-galactose-induced female reproductive aging model [10] [11] [12] . Although these animal models show an increase in follicular consumption or even depletion, the resulting estrous cycle disorders, decreased sex hormone secretion and decrease in or loss of fertility may indicate one or more pathological states and thus do not simulate the real pathophysiological condition of ovarian aging [8, 13 ]. An animal model that simulates the pathophysiological state of the complex process of ovarian aging is needed to elucidate the mechanism.
The mechanism of ovulation in the ovaries is similar to inflammatory responses, and this process increases the synthesis of prostaglandins [14] , histamine [15] , and bradykinin [16] . Peroxides and related metabolites play an important role in the rupture of the follicular wall, a prerequisite of ovulation [17] [18] [19] . Female mammals are born with a limited number of primordial follicles. Each follicle contains an oocyte and granulocyte layer that stall at the first meiosis stage [20] . During the entire reproductive period of a female mammal, the ovulation cycle occurs approximately 400 to 500 times. Oxidative stress is a necessary prerequisite for luteinization [20, 21] , which also disrupts the microenvironment of egg cells and granule cells [22] and reduces the vitality of oocytes and embryos [23, 24] . According to studies by Van Blerkom et al., a decrease in the antioxidant levels in the follicular and oviduct microenvironment result in oocyte deterioration [24] . Ovarian aging has been confirmed to lead to reproductive cycle disorders, oocyte aneuploidy, and a disruption of blastocyst maturation [25, 26] . Oxidative stress plays a crucial role in ovulation, and oxidative damage gradually accumulates in oocytes and associated cells during repeated ovulation [27] . Therefore, the exposure of oocytes and related cells to oxidative stress during the process of repeated ovulation represents an important cause of ovarian aging.
For rodents, it is very difficult to use pregnant mare serum gonadotropin (PMSG) and human chorionic gonadotropin (HCG) to induce superovulation repeatedly since the progesterone (P) secreted by the corpus luteum inhibits the secretion of the pituitary gonadotropin [20] . Therefore, the removal of the corpus luteum is particularly important for initiating the next round of the ovulation cycle. The injection of PMSG and HCG will prolong the luteal phase in rodents, and the subsequent injection of prostaglandin F2α (PGF2α) will induce dissolution of the luteum [20, 21] . In this study, we used continuous intraperitoneal injection of PMSG, HCG and PGF2α to induce consecutive superovulation, investigated the effect of consecutive superovulation on mouse ovary, and established a stable, physiologic POF mouse model.
Experimental design
All mice were allowed to acclimatize for 1 week. C57BL/6 female mice aged 7-8 weeks were then randomly divided into 5 groups of 30 mice each: the control group (control), consecutive superovulation 5 times group [CS (5) [28] . Three injections comprised one complete ovulation cycle, and the next cycle began 12 h later. Mice from the CS(5) group sequentially underwent 5 ovulation cycles; mice from the CS(10) group underwent 10 ovulation cycles; mice from the CS(15) group underwent 15 ovulation cycles; and mice in the control group received an equal volume of saline injection intraperitoneally at the same time. Thirty aged C57BL/6 female mice (40 weeks old) served as the natural ovarian aging (NOA) group. Twelve hours after the last drug administration, mice were sacrificed under general anesthesia using intraperitoneal injection of pentobarbital sodium (150 mg/ kg). Blood was collected through cardiac puncture; the ovaries were excised immediately and stored at −80°C until the biochemical analysis or fixed with 4% paraformaldehyde for histological studies.
Sample preparation and biochemical assays
The ovaries and bodies of all mice were weighed, and blood samples were collected in diestrus, allowed to clot at room temperature and centrifuged at 3000 rpm for 10 min to harvest serum. Serum biochemical parameters, including the serum follicle-stimulating hormone (FSH), luteinizing hormone (LH), progesterone (P), estradiol (E2) and inhibin B (INH B) levels, were measured spectrophotometrically (Eon, BioTeK, Vermont, UT, USA) using the following commercially available ELISA kits: FSH (KA2330), LH (KA2332), INH B (KA1683) (Novus Biologicals, Littleton, USA), E2 (582251), and P (582601) (Cayman Chemicals, Ann Arbor, MI, USA).
The ovaries were washed in ice-cold saline and homogenized in 0.1 M Tris-HCl buffer (pH 7.4). The homogenates were centrifuged at 10, 000 g for 15 min, and the supernatants were centrifuged at 100, 000 g for 1 h. The resulting supernatant (cytosolic fraction) was used to determine the enzymatic activity and lipid peroxidation levels. The biochemical parameters of the ovaries, including malondialdehyde (MDA) level and total superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activities, were measured spectrophotometrically using commercially available kits for MDA (A003-1), SOD (A001-1) and GSH-Px (A003) (Jiancheng Bioengineering Institute, Nanjing, China).
Follicle counting
The right ovaries were embedded in paraffin after 12 h fixation in 4% paraformaldehyde. They were serially sectioned (6 μm), mounted on glass slides, and stained with H&E. All ovarian follicles were counted according to a previous study [29, 30] . In brief, every fifth ovary section was observed under a microscope. Only those with a visible oocyte nucleus were included to avoid repeated counts of the same 
Immunohistochemical staining
For immunohistochemical analysis, the paraffin sections were dewaxed first, and then, heat-mediated antigen retrieval was performed by microwaving sections for 20 min in 10 mM sodium citrate, pH 6.0. Sections were cooled for 15 min, followed by a brief wash in deionized water, and rinsed twice in PBS. Sections were incubated for 30 min in 5% goat serum in DPBS containing 0.1% Tween and 0.5% BSA. Sections were incubated overnight at 4°C with the appropriate dilutions of primary antibodies against 8-hydroxyguanosine (8-OhdG, ab26842), 4-hydroxynonenal (4-HNE, ab48506), anti-Mullerian hormone (AMH, ab24542), and CDKN2A/p16 (p16, ab189034) from Abcam Biotechnology and nitrotyrosine (NTY, sc-71007) from Millipore Biotechnology. The secondary antibody from the Dako REAL EnVisio Detection System (K5007, DAKO, Denmark) was used to detect the staining. Then, the specimens were counterstained with hematoxylin for 1 min. All sections were incubated under the same conditions with the same concentration of antibodies at the same time.
DHE staining
The redox-sensitive, cell-permeable fluorophore DHE (1890512, Invitrogen, USA) was used to evaluate in situ production of superoxide. DHE is oxidized by superoxide to a novel product that binds to DNA, enhancing intracellular fluorescence [33] . Unlike lucigenin, DHE does not undergo redox cycling to form superoxide [34] . DHE (10 mM) was applied to unfixed frozen sections, incubated in a light-protected humidified chamber at 37°C for 30 min, washed with PBS, and mounted with fluorescent mounting medium (DAKO). Fluorescence images were obtained at excitation and emission wavelengths of 540/25 nm and 605/55 nm, respectively. The fluorescence intensity values from five different fields of view were quantified using ImageJ software (http://rsbweb.nih.gov/ij/).
In situ TUNEL fluorescence staining assay
The terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL) assay was performed according to the manufacturer's instructions (11684817910, Roche, Switzerland). The ovarian tissues were fixed in 4% paraformaldehyde overnight, dehydrated, embedded in paraffin, cut at 4-μm-thick sections, and placed on a numbered polylysine-coated glass slide. Deparaffinized tissue sections were incubated with proteinase K (20 mg/ml) in a humidified chamber for 15 min, and endogenous peroxidase activity was inhibited by treatment with 3% H 2 O 2 for 10 min. Sections were then incubated with TdT labeling buffer at 37°C for 1 h in a moist chamber. They were counterstained with DAPI. TUNEL-positive cells were stained green; nuclei were stained with DAPI to observe the nature of the TUNEL-positive cells.
Western blotting
Western blotting analysis was performed according to previously described methods [12] . Briefly, 50 μg of total lysate obtained from ovarian tissue was subjected to 15% polyacrylamide gel electrophoresis and then transferred to a cellulose acetate membrane. The membranes were blocked with 1× casein solution for approximately 4 h and then incubated with mouse monoclonal anti-p16 (ab189034), anti-SIRT1 (ab110304) and anti-FOXO1 (ab52857) antibodies obtained from Abcam Biotechnology and anti-GAPDH (H-12) (sc-166574) antibody obtained from Santa Cruz Biotechnology in blocking buffer for 2 h at room temperature. The membranes were washed 3 times with TBST and then incubated with a goat anti-mouse IgG HRP-conjugated secondary antibody (sc-2005, Santa Cruz Biotechnology). Then, the membranes were washed 3 times in TBST, and the blots were imaged using the ChemiDoc XRS+ Molecular Imager (Bio-Rad) with Pierce ECL Western Blotting Substrate (32209, Thermo Scientific) and analyzed using image analysis 
Q-PCR
Total mRNA was extracted from ovaries using TRIzol reagent (B5704-1, Takara, Dalian, China) according to the manufacturer's instructions, followed by treatment with DNase I (2212, Takara, Dalian, China) according to the manufacturer's protocol. RNA quality and quantity were determined using a spectrophotometer (NanoDrop 2000c, Thermo Scientific, USA). The cDNA templates were then synthesized immediately using Prime Script TM RT reagent Kit (RR037A, Takara, Dalian, China) according to the manufacturer's instructions. Q-PCR was performed using Light Cycler PCR QC Kit (Roche, Switzerland) and the 7300 Real-Time PCR System (LC96, Roche, Switzerland). The primer sequences used herein are as follows: Sod1 (NM_011434.2) forward: GCTGTACCAGTGCAGGACCTCAT, reverse: CTCTCCTGAGAGTGAGATCACACGA; Sod2 (NM_017051) forward: ATGGTGGGGGACATATT, reverse: GAACCTTGGACTCCCACAGA; Sod3 (NM_011435.3) forward: CCTGCTGCTCGCTCACATAACAG, reverse: TGGACTCCCCTGGATTTGACATG; and β-actin (NM_007393.3), forward: GTGACGTTGACATCCGTAAAGA, reverse: GTAACAGTCCGCCTAGAAGCAC. The housekeeping gene Gapdh was used as an internal reference. GraphPad Prism 5 software was used to analyze the data and produce graphs.
In vitro fertilization (IVF) and zygote culture
Oocyte quality was evaluated after consecutive superovulation and SOD injection to further illuminate the role of oxidative stress in the ovary during consecutive superovulation. The mice were administered 5 IU of HCG 48 h after the administration of 5 IU of PMSG. Fifteen hours after HCG administration, the mice were euthanized. Then, their ovaries were removed, ruptured using scissors, and placed in T6 media containing 15 mg/ml BSA, and incubated at 37.5°C in a 5% CO 2 atmosphere for at least for 15 minutes. The number of oocytes from each mouse was recorded. Sperm were released from ruptured epididymis of C57BL/6 mice and were incubated at for least 30 min to induce capacitation. Oocytes obtained from each group were subjected to IVF by transferring the cells into 100 μl of IVF medium droplets and 2 x 10 6 sperm/ ml were added to the droplets. After 6 h, each IVF droplet containing oocytes and sperm was evaluated under an inverted microscope and the percentage of embryos with male and female nuclei (2PNs) was recorded as the fertilization rate. Afterwards, the newly produced 2PNs were washed, transferred to T6 medium containing 4 mg/ml BSA, and incubated (37.5°C in 5% CO 2 ) for 96 hours. Embryos at the 2-cell and blastocyst stages were counted 24 and 96 hours after IVF [35] .
Statistical analysis
All statistical analyses were performed using SPSS v. 16 . All results are shown as the mean ± standard deviation (M ± SD). All statistical comparisons were performed using one-way ANOVA followed by Duncan's multiple range post hoc analysis. A P value <0.05 was considered significant.
Results

Effect of consecutive superovulation on the HPG axis and INH B level
The NOA group had significantly increased serum FSH and LH levels (P < 0.01) and significantly decreased E2, P and INH B levels (P < 0.01) compared to the control group (Fig. 1A-D) . More than 10 consecutive superovulatory treatments significantly increased the serum FSH and LH levels (P < 0.05, Fig. 1A, B) and decreased the serum E2, P and INH B levels (P < 0.01, Fig. 1C, D, E) .
Effect of consecutive superovulation on follicle number
Follicle counting was performed after H&E staining (Fig. 2A) . The follicle classification was based on the characteristics proposed by Hirshfield & Midgley [36] . Follicle counting showed that more than 10 consecutive superovulatory treatments reduced the numbers of primordial follicles, primary follicles and secondary follicles compared to those in the control group (P < 0.05 or P < 0.01, Fig. 2B ) and increased the numbers of antral follicles, atretic follicles and the total follicles compared to those in the control group (P < 0.05 or P < 0.01, Fig. 2B ). Except for atretic follicles, there were no significant differences in follicle numbers between the CS (15) group and NOA group.
Effect of consecutive superovulation on the follicle number
Follicles were counted in H&E-stained sections ( Fig. 2A ). Follicles were classified based on the characteristics proposed by Hirshfield & Midgley. More than 10 consecutive superovulation treatments led to reduced numbers of primordial follicles, primary follicles and secondary follicles (P < 0.05 or P < 0.01, Fig. 2B ) and increased numbers of antral follicles, atretic follicles and total follicles (P < 0.05 or P < 0.01, Fig. 2B ) compared to the control group. With the exception of atretic follicles, a significant difference in follicle numbers was not observed between the CS (15) group and NOA group.
Effects of consecutive superovulation on oxidative stress
A significant reduction in total SOD and GSH-Px enzyme activities was detected in the ovarian tissues from the NOA group compared with the tissues from the control group (P < 0.01, Fig. 3A and B) , and a significantly higher MDA level was observed in the NOA group compared with the control group (P < 0.01, Fig. 3C ). More than 10 consecutive superovulatory treatments resulted in substantially lower SOD and GSH-Px enzyme activities and higher MDA levels compared with the control group (P < 0.05 or P < 0.01, Fig. 3A-C) .
We visualized the intracellular generation of the ROS moiety O 2-with the fluorescent probe DHE to assess the effects of consecutive superovulation on ROS production (Fig. 3D) . In this assay, the superoxide anion oxidizes DHE to a novel product that binds DNA, leading to increased fluorescence [33] . Confocal microscopy showed that ovary sections from NOA mice exhibited a widespread and marked increase in DHE fluorescence compared with the controls (P < 0.01, Fig. 3E ), and more than 5 consecutive superovulatory treatments also induced a significant increase in ROS fluorescence intensity compared with the controls (P < 0.01, Fig. 3E ). 
Effects of consecutive superovulation on p16, AMH and oxidative product expression
The cellular locations of the 4-HNE, NTY, 8-OHdG and p16 proteins were examined using immunohistochemistry (Fig. 4A) . The 4-HNE, NTY and 8-OHdG proteins were primarily located in the ovarian interstitial cells, and low levels were observed in follicular granulosa cells. The 4-HNE, 8-OhdG and NTY protein levels were significantly higher in the NOA group than the control group (P < 0.01, Fig. 4B ), whereas the expression levels were partially and significantly decreased in the consecutive superovulation groups (P < 0.05 and P < 0.01, respectively).
The AMH protein was primarily located in follicular granulosa cells, while the senescence-associated p16 protein was predominantly located in follicular granulosa cells and oocytes (Fig. 4A) , and relatively lower AMH and p16 levels were observed in the ovarian interstitial cells. Consistent with the 4-HNE, 8-OhdG and NTY protein levels, consecutive superovulation induced a significant increase in p16 protein expression and decrease in AMH protein expression in a cycle number-dependent manner (P < 0.05 or P < 0.01, Fig. 4B ).
Effect of consecutive superovulation on ovarian cell apoptosis
In the TUNEL assay, the nuclei of the TUNEL-positive (apoptotic) cells stained green (Fig. 5A ). The number of apoptotic granulosa cells in the antral follicles was assessed in the five groups. More TUNEL-positive cells were detected in the NOA group than the control group (P < 0.01, Fig. 6B ). Consecutive superovulation significantly increased the number of TUNEL-positive cells compared with the number in the control group, suggesting a positive effect on induction of ovarian cell apoptosis (P < 0.05 or P < 0.01).
Effect of consecutive superovulation on p16 protein expression and ROS-related pathways in the ovary
We investigated the potential mechanisms involved in the effects of consecutive superovulation on ovarian aging. The levels of oxidative stress signaling pathway-associated markers were assessed using Western blotting (Fig. 6) . The p16 level was markedly higher in the NOA group than the control group (P < 0.01) and was significantly higher in the consecutive superovulation groups in a cycle number-dependent manner than the control group (P < 0.05 or P < 0.01). The SIRT1 and FOXO1 protein levels were significantly lower in the NOA group than the control group (P < 0.01), whereas the SIRT1 and FOXO1 protein levels were significantly lower in the consecutive superovulation groups than the control group (P < 0.05 or P < 0.01). There was no significant difference in STIR1 expression between the CS(15) group and the NOA group. 
Figure 6
Cell Physiol Biochem 2018;51:2341-2358 SOD administration inhibited the oxidative stress events induced by repeated ovulation, and therefore, we tested its effect on the oocyte quality in vitro, as shown in Fig. 7E-H . Consecutive superovulation significantly decreased the number of oocytes, rate of oocyte fertilization, and percentages of two-cell embryos and blastocyst embryos compared with the control group (P < 0.01). The SOD treatment partially reversed these changes (P < 0.05 or P < 0.01).
Discussion
POF can cause infertility, climacteric syndrome, osteoporosis, and senile dementia in females, which seriously affect women's health [37] . In this study, we examined the ovary aging effect of consecutive superovulation on mouse ovaries and generated an ovary aging mouse model by consecutive superovulation. In our study, both the primordial follicle pool and ovarian function were significantly decreased in the model mice, consistent with the characteristics of ovarian aging [3] ; the model group displayed lower hormone levels and higher ROS and cell apoptosis levels than the control group, indicating that the model group displayed ovarian aging.
Ovarian function is primarily reflected in endocrine and reproductive functions. The E2, FSH, P and LH levels are classical criteria for POF [38] . This study showed that consecutive superovulation primarily affects the function of ovaries in female mice by decreasing E2 and P and increasing FSH and LH. Many reports have shown that repeated superovulation directly induces oxidative stress in vivo, attenuates FSH bioactivity and inhibits E2 production in granulosa cells [3, 28] . These results demonstrated that consecutive superovulation may affect ovarian endocrine function, and the trend was consistent with that in NOA mice.
The basis of reproductive aging in women is ovarian aging [1] . The central hypothesis is that the number of primordial follicles and the quality of oocyte cells in the ovaries decrease gradually [39, 40] . In this accelerated ovarian aging model, the number of primordial follicles was substantially decreased, whereas the number of atretic follicles was significantly increased. Conversely, the decreased numbers of primordial, primary and secondary follicles resulted in a decreased number of total follicles, consistent with the results of a previous report [3] . In addition to the decrease in the number of antral follicles, the AMH and INH B decline was increased by consecutive superovulation in our study. AMH, which is produced predominantly by preantral and small antral follicles, and INH B, which is secreted by granulosa cells of small growing follicles, are two well-established markers of ovarian reserve and very important early markers of ovarian aging [38, [41] [42] [43] , as they reflect the size of the ovarian follicle pool [44] . Decreased expression of AMH and INH B has been detected long before normal menopause [45] [46] [47] and during the normal course of aging in mice [48] . Thus, consecutive superovulation successfully induced the mouse POF model in the present study.
A previous report revealed that ovarian aging is associated with oxidative stress [49] . The accumulation of oxidative stress exerts long-term effects on ovarian follicle depletion [27, 50] . In addition, the cyclical production of ROS may cause cumulative damage to DNA that contributes to ovarian aging [51] . Repeated ovarian stimulation has been shown to induce oxidative damage and mitochondrial DNA mutations in ovaries, increase the incidence of oocyte spindle defects, and decrease the quality of oocytes [52] [53] [54] . In the present study, consecutive superovulation increased MDA, a lipid peroxidation index, while at the same time, it decreased SOD and GSH-Px, superoxide radical scavenger enzymes. According to the results of the immunohistochemical staining, consecutive superovulation also significantly increased the levels of 8-OhdG, 4-HNE and NTY; DHE staining showed that consecutive superovulation increased ROS levels in the mouse ovary, indicating that the ovary was in a high oxidative stress state following consecutive superovulation. The intracellular antioxidant system is involved in various oxidation-reduction reactions of organelles and is Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry activated by a low concentration of ROS as a signal [55] . Elevated oxidative stress in cells is the leading cause of cellular aging [56] [57] [58] and ovarian aging [59] . Oxidative stress increases the vulnerability of the body and at the same time can enhance the toxic effects of the pathogenic factors and genetic mutations, leading to the occurrence and development of various diseases and granulosa cell apoptosis [60] . Granulosa cells play a key role in nurturing and supporting oocyte development [61] . Granulosa cells form the follicular microenvironment, which facilitates oocyte development, supplies energy, disposes of waste and participates in molecular signaling [62] . If the function of granulosa cells becomes impaired during aging, then oocyte growth and competence will also be compromised [63] . Ovarian stimulation was shown to impact granulosa cell apoptosis and biological aging of the ovary [64] [65] [66] . Ovarian granulosa cell apoptosis is an important marker of ovarian aging [39] . The results of TUNEL fluorescence staining showed that apoptotic granulosa cells increased in ovarian follicles in ovaries that underwent consecutive superovulation compared to those of the control group, suggesting that follicular degeneration is accelerated by consecutive superovulation.
Overproduction of ROS in oocytes and embryos not only leads to oxidative stress and follicular degeneration but also decreases the quality of eggs and influences early embryonic development [23, 67] . Excessive production of ROS in mural granulocytes and ovarian granulocytes also reduces fertilization and embryo quality [68] . In addition, ROS are also involved in early embryonic developmental arrest, such as the mouse 2-cell embryo developmental block, which is closely related to an increase in ROS levels [69] . Based on the results from our study, ROS accumulation during consecutive superovulation may be an important cause of decreased ovarian function and egg quality. SOD1 neutralizes superoxide anions in the cytoplasm of cells, and in this case, the oocyte is likely an abundant producer of ROS, as it is metabolically active during the acquisition of developmental competence [70] . Mammalian oocytes possess a large number of mitochondria, the organelle where SOD2 is preferentially localized [71] . SOD2 is one of the most important antioxidant enzymes in the body, and its expression levels are increased following oxidative stress [72, 73] . SOD3 acts in the extracellular matrix [74] , a dynamically regulated and essential component of the developing COCs. In addition, oocytes, or COCs as a whole developmental unit, may stockpile the various SOD isoforms for the upcoming events in oocyte maturation, fertilization, and early embryonic development. These processes occur precisely when the oocyte is faced with increasing oxidative challenges, such as the proposed burst of ROS at ovulation [75] and the increase in oxygen tension within the oviduct [76, 77] . Based on findings from the present study, the protective effect of SOD might partially rescue ovarian function by inhibiting ROS production. Exogenous SOD inhibits apoptosis in cultured rat follicles [78] . Conceivably, external factors may influence the oxidative stress status and in turn SOD expression in the follicle [79] .
The regulatory mechanisms responsible for attenuating ROS levels and promoting apoptosis resistance in the ovary remain elusive. Consecutive superovulation significantly increased p16 expression in ovarian tissues and decreased SIRT1 and FOXO1 levels. The p16 pathway is a signaling pathway that plays important roles in aging. The p16 protein is expressed at low levels in tissues from young animals, and its expression increases with aging [80, 81] . The p16 protein is currently believed to be a marker of tissue and cell aging [82, 83] . The mechanism by which p16 induces senescence is based on the role of p16 as a cell cycledependent kinase inhibitor that causes cell cycle arrest and subsequent senescence [80] . The expression of p16 is associated with oxidative stress in multiple cell lines [80, 81] . Thus, the increase in the level of the p16 protein induced by consecutive superovulation in this study indicated that high oxidative stress levels in ovaries might promote p16 expression, and consecutive superovulation up-regulates the expression of the senescence protein p16 and promotes ovarian aging via the p16 signaling pathway. SIRT1 is regarded as an antiaging or longevity protein [84] . SIRT1, which is primarily localized in cell nuclei, regulates gene transcription and DNA repair and has been linked to the onset of aging and agingassociated diseases [85] . Sirtuins suppress age-related dysfunction and increase longevity Cellular Physiology and Biochemistry
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by increasing SIRT1 expression [86, 87] . FOXO1 is deacetylated by SIRT1 to evoke cellular resistance to stress by promoting the expression of antioxidant enzymes that detoxify ROS or induce cell cycle arrest to allow time for DNA repair and other repair processes [88, 89] . In our study, Western blotting revealed that consecutive superovulation decreased the SIRT1 and FOXO1 levels in a cycle number-dependent manner. Several lines of evidence support this result and indicate that SIRT1 plays a key role in the adaptive responses of cells to a variety of oxidative stressors [88, 90] . The SIRT1/FOXO1 pathway may be a crucial regulator of apoptosis and oxidative stress resistance, consistent with the findings of previous reports [91, 92] .
Conclusion
Consecutive superovulation effectively induced oxidative stress, apoptosis and ovarian injury via multiple mechanisms, including the p16 and SIRT1/FOXO1 signaling pathways. Based on these results, the POF mouse model was established by more than 10 consecutive superovulation treatments, and inhibition of p16 and SIRT1/FOXO1 signaling pathways might be a potential protective mechanism to reduce injury caused by ovary superovulation in human and animal assisted reproduction procedures.
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